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(57) ABSTRACT

A system and method are disclosed for determining the
enrichment of >>>U in Uranium Hexafluoride (UF6) utilizing
synthesized X-rays which are directed at a container test zone
containing a sample of UF6. A detector placed behind the
container test zone then detects and counts the X-rays which
pass through the container and the UF6. In order to determine
the portion of the attenuation due to the UF6 gas alone, this
count rate may then be compared to a calibration count rate of
X-rays passing through a calibration test zone which contains
a vacuum, the test zone having experienced substantially
similar environmental conditions as the actual test zone.
Alternatively, X-rays of two differing energy levels may be
alternately directed at the container, where either the con-
tainer or the UF6 has a high sensitivity to the difference in the
energy levels, and the other having a low sensitivity.

20 Claims, 4 Drawing Sheets
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METHOD AND APPARATUS FOR
MEASURING ENRICHMENT OF UF6

STATEMENT OF FEDERAL RIGHTS

The United States government has rights 1n this invention
pursuant to Contract No. DE-AC32-06NA235396 between the
United States Department of Energy and Los Alamos

National Secunity, LLC for the operation of Los Alamos
National Laboratory.

FIELD OF THE INVENTION

The present 1invention relates to systems and methods for
measuring enrichment of Uranium Hexafluoride (UF6).
More specifically, the present invention relates to a system
and method for directing 1onizing radiation in the form of
X-Rays at a radiation pervious chamber containing UF6 to
determine the amount of *°>U present relative to the amount
of Uranium.

BACKGROUND ART

It has been reported that approximately 99.99% of all natu-
ral Uranium on Earth is composed of either > U or *>*U, with
>3*U comprising 99.28% and **°U comprising 0.71% of all
natural Uranium. However, 1n order to achieve a nuclear chain
reaction capable of sustaining a fission reaction in Uranium,
a majority of the neutrons released by a fissioning ~>>U atom
must impact other *>>U atoms. This requires that the Uranium
be enriched such that the percentage of >>°U is between 3-5%
to sustain a nuclear fission chain reaction, with weapons
grade Uranmium requiring much higher concentrations of
>*>U. Typically, such enrichment occurs in gaseous diffusion
or centrifuge plants, where Uranium in the form of UF6 1s
enriched to increase the U content. However, when enrich-
ing Uranium, 1t 1s very important to keep track of the concen-
tration of **>U in the Uranium sample in order to safeguard
the plant and 1ts workers, as well as for quality control pur-
poses and to guard against the production of more enriched,
potentially weapons grade, Uranium.

Methods of detecting the amount of *>°U in a sample are
well known in the art: >>°U spontaneously radiates 186 keV
gamma radiation which can be detected and measured apart
from 186 keV background gamma radiation. In order to mea-
sure the total Uranium content of a sample, a separate radio-
active material source of non-186 keV radiation—typically
H9°Cd, **' Am or °>’Co—is used to irradiate the sample. The
count rate of this non-186 keV radiation after being attenu-
ated by a sample container, as well as the count rate of this
radiation after being attenuated by the sample container and
UF6 1 the test sample, allows for the calculation of the
enrichment factor of the sample.

Embodiments of the present invention provide for a system
in which the energy source 1s not radioactive and does not
decay with time, and where the radiation 1s emitted from an
artificial source preferably utilizing an energetic electron pro-
cess. It 1s further desirous that a more accurate enrichment
factor 1s calculable with a lower level of instrument stability
and temperature dependence.

BRIEF SUMMARY OF THE INVENTION

One or more of the embodiments of the present invention
provide for a system and method for determining the enrich-
ment of Uranium-235 in Uranium Hexafluoride (UF6),
though the system and method could be used for determining,
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the 1sotopic content of other types of samples as well. In one
embodiment, a detector counts the number of 186 keV
gamma rays, which are spontaneously emitted by **>U in a
sample of UF6 as it decays. An artificial source of X-rays,
which preferably utilizes an energetic electron process, 1s
used to direct a collimated beam of X-rays at a container test
zone containing the sample of UF6. This beam could be
directed to impinge the container test zone at a 90 degree
angle to the longitudinal axis of the container test zone, at an
acute angle to the longitudinal axis of the test zone, or along
the longitudinal axis of the test zone.

The X-ray beam 1s preferably filtered to contain X-rays of
a specific energy level, preferably between 12 keV and 120
keV, and impinges on the container and the UF6, and some of
the X-rays are attenuated by the UF6 and/or by the container
itself. A low energy (preferably 10 keV to 300 keV) gamma
sensitive detector, which may be an Nal(TT) or other type of
scintillator, 1s oriented 1n the path of the X-ray beam such that
the container test zone 1s between the detector and the artifi-
cial X-ray source. A more complex phoswich scintillator may
be used for more etffective back shielding and active Compton
suppression in the energy region of the U-235 gamma rays.
The detector then detects and counts the X-rays which pass
through the container and the UF6.

In order to determine the portion of the attenuation due to
the UF6 and not the container or other hardware, this count
rate may then be compared to a calibration count rate of
substantially similar X-rays passing through the container
test zone or a calibration test zone which contains a vacuum.
This calibration count rate would be pre-measured (infre-
quently 1n the prior art—on the order of once ever few months
to once every few years) on test zones substantially similar to
the sample test zone used to contain the UF6. These count
rates can then be used, 1n combination with the count of 186
keV gamma rays emitted spontaneously by the *°>U in the
sample to determine the enrichment of the **>U in the sample.
However, geometry, aging or temperature changes between
the test zones on which the calibrations were taken and those
actually used with the experiments cause significant error.

In a preferred embodiment, the calibration count is taken
using a vacuum-containing second calibration test zone posi-
tioned adjacent to the UF6-containing first test zone such that
the second test zone experiences substantially similar envi-
ronmental conditions as does the first test zone. Thus, as the
second test zone 1s substantially similar to the first test zone
and experiences substantially similar environmental condi-
tions as the first test zone, the number of X-rays it attenuates
1s substantially similar to the number of X-rays attenuated by
the first test one absent a UF6 sample. Additionally, its loca-
tion adjacent the first test zone allows for the X-ray beam to be
directed at both test zones simultaneously, such that a second
detector counts the X-rays passing through the second test
zone while the first detector counts the X-rays passing
through the first test zone and the UF6 sample.

In the alternative, a non-simultaneous count could be taken
of the X-rays passing through the test zones, 1.¢. a count could
be taken of the X-rays passing through only one of the test
zones, and then a separate count could be taken of the X-rays
passing through the other test zone. Thus, the calibration
count could be taken simultaneously with, or before or after
cach run, or every N number of runs, which would reduce the
error resulting from environmental changes between the time
of calibration and the actual testing.

In another preferred embodiment, when placing a second,
vacuum-containing test zone adjacent the UF6-containing
test zone 1s not a viable option, a beam of X-rays 1s similarly
directed at a UF6-containing test zone. However, this X-ray
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beam 1s filtered such that the X-rays in the beam have a first
energy level for a period of time, and then a second energy for

a period of time. This alternation of energy levels may be
accomplished with two different filters mounted on a rota-
tional assembly which rotates the filters such that the X-ray
beam 1s alternately filtered by one and then the other. The first
and second energy levels are selected such that either Ura-
nium or the test zone container material has a high “sensitiv-
ity to the change in energy levels while the other has a low
“sensitivity” to the change. Thus, the attenuation caused by
either the Uranium or the test zone container would be sig-
nificantly different at the first energy level as the second,
while the other material attenuates substantially the same
amount ol X-rays at both energy levels. This allows a differ-
entiation between the X-rays attenuated by the container test
zone and those attenuated by the UF6. Thus, this preferred
embodiment allows for “re-calibration” when a sample 1s
tested.

In another embodiment, the X-Ray beam 1s directed though
the container test zone at an acute angle o to the longitudinal
axis of the container test zone. This allows the X-rays more
exposure to the UF6 gas, and more chance for the X-rays to be
attenuated.

In another embodiment, the X-ray beam 1s again directed
though the container test zone at an acute angle o to the
longitudinal axis of the container test zone. However, the
detector, which 1s preferably a phoswich scintillator 1s not
positioned within the path of the X-ray beam, but 1s 1nstead
disposed along the pipe between the zones of entry and exit of
the X-ray beam through the container test zone, and prefer-
ably rotated 90 degrees around the longitudinal axis of the test
zone from the zones of entry and exit of the X-ray beam. This
allows for fluorescent X-rays which are emitted by Uranium
atoms when excited by X-rays to be detected by the detector
while avoiding the Compton scattering and backscattering,
caused by the X-ray beam impinging the container walls. The
count rate of the fluorescent X-rays emitted by the Uranium
can then be used, 1n combination with the count of 186 keV
gamma rays emitted spontaneously by the >>>U in the sample
to determine the enrichment of the *>>U in the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention, refer-
ence may be made to the accompanying drawings in which:

FIG. 1 1s a schematic diagram of an embodiment of the
present invention for measuring the attenuation of a container
which does not contain UF6 gas.

FIG. 2 1s a schematic diagram of an embodiment of the
present invention for measuring the attenuation of a container
which contains UF6 gas.

FIG. 3 1s a schematic diagram of a preferred embodiment
of the present mvention including an additional reference
pipe.

FIG. 4 1s a schematic diagram of a preferred embodiment
ol the present invention including multiple X-ray filters.

FIG. SA 1s a plan view of an alternative configuration of an
X-ray source, a container test zone and a detector according to
an embodiment of the present invention.

FIG. 5B 1s an elevation view of an alternative configuration
of an X-ray source, a container test zone and a detector
according to an embodiment of the present invention in which
X-ray fluorescence 1s measured as opposed to X-ray trans-
mission.

FIG. 6 1s a schematic diagram of a preferred embodiment
of the present invention utilizing X-ray Fluorescence to mea-
sure the enrichment of UF6, and including exemplary pulse
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height spectrums (which are not necessarily created 1n actual
operation) at various locations along the system.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 11llustrates a schematic diagram of an embodiment of
a system 1 for determining the enrichment factor of “°>U in
Uranium Hexafluoride (UF6). An artificial X-ray source 2,
which 1s preferably a 130 kV X-ray source and which can
preferably artificially produce and emit X-rays from about 12
keV to about 120 keV, includes an X-ray generation source 3
which emits a collimated beam of X-rays 4, and an X-ray filter
6. The X-ray generator source 3 1s a man-made machine
which artificially produces X-rays preferably utilizing an
energetic electron process. The X-ray generation source 3
generates and emits X-ray radiation as an X-ray beam 4.
X-ray beam 4 1s divided 1nto several different sections, which
are shown as three 1n number and are labeled 4A, 4B and 4C,
cach of which designate a portion of X-ray beam 4 with a
specific intensity and/or energy level. For example, as X-ray
beam 4 1s emitted from the X-ray generator source 3, it 1s
labeled X-ray beam 4A. In the illustrated structure 1t then
encounters filter 6, which filters out of X-ray beam 4A X-rays
of unwanted energies, such that X-ray beam 4B 1s emitted
from the artificial X-ray source 2. It 1s noted that the filter 6
need not be 1included inside the artificial X-ray source 2, but
could mstead be a separate component. It 1s further noted that
an X-ray generation source 3 capable of emitting X-rays of
substantially only those energies desired could be used
instead of filter 6. The X-ray beam 4 is preferably a “hard”
X-ray beam with energy levels of between 12 keV and 120
keV, which have higher penetrating abilities than lower
energy “soft” X-rays. However, “soit” X-rays could be used 1f

less penetrating abilities are needed.

The X-ray beam 4B emitted from the artificial X-ray
source 2 1s directed at a container 8 with a test zone 10, which
1s preferably an aluminum alloy pipe (heremnafter “alumi-
num’) which mitially holds a vacuum 1n 1ts interior chamber
12 for the purposes of calculating the attenuation of the con-
tainer 8 test zone 10 for a given keV. X-ray beam 4B 1s
directed at the test zone 10 where 1t passes through the test
zone 10. However, some of the X-rays interact with the test
zone 10 wall, leading to some attenuation of X-ray beam 4B.
This attenuated X-ray beam 4C 1s then detected by a detector
16 capable of measuring the quantity of X-rays passing
through the container 8 test zone 10. The detector 16 1s pret-
erably a Thallium doped Sodium Iodide scintillating detector.
Detector 16 1s also operable for counting the amount of back-
ground 186 keV radiation.

The detector 16 1s connected to a multi-channel analyzer
18 which sorts the pulses generated by the detector 16 when
it detects the X-rays. The multi-channel analyzer 18 then
creates a histogram of the X-rays energy levels from X-ray
beam 4C which were detected by the detector 16, and trans-
mits this information to an output device 20 which 1s prefer-
ably a digital processor such as that 1n a personal computer.
The count rate of the artificial X-ray source 2 having been
attenuated by the test zone 10, and which also includes any
background radiation, serves as a baseline for future measure-
ments and 1s abbreviated I,(t). The count rate of 186 keV
background radiation serves as a baseline as well, and 1s
abbreviated B.

Once these baselines have been established, the container 8
test zone 10 1s provided with a sample of Uranium Hexatluo-
ride (UF6) 22, which 1s preferably gaseous (as used herein-
after for convenience) but could be solid or liquid as tested, 1n
its interior chamber 12, as 1s shown 1n the system 21 1n FIG.




US 7,957,504 B2

S

2. The X-ray beam 4B 1s again directed at the test zone 10
where 1t passes through the test zone 10, but this time addi-
tionally passes through UF6 gas mixture 22 in the interior
chamber portion 12 1n the test zone 10. Thus, the X-ray beam
4B 1s attenuated by the container 8 as before, but 1s addition-
ally attenuated by the UF6 gas mixture 22. This additionally
attenuated X-ray beam 4D 1s then detected by the detector 16
which 1s capable of measuring the quantity of X-rays passing,
through the container 9 test zone 10 and the UF6 gas, mixture
22 1n the mterior chamber 12 of the container 9 test zone 10.
Detector 16 1s capable of counting gamma rays having an
energy level of 186 keV which are emitted by *°°U.

The detector 16 again transmits its detections to the multi-
channel analyzer 18 which sorts the pulses generated by the
detector 16. The multi-channel analyzer 18 again creates a
histogram of the count rate of the X-rays energies which were
detected by the detector 16, and transmits this information to
the output device 20. This count rate of the X-rays having
been attenuated by the test zone 10 of the container 9 and the
UF6 22, and which again includes any background radiation,
1s abbreviated 1. The count rate of 186 keV gamma rays,
which includes background radiation of this energy level and
that emitted spontaneously by U, is abbreviated R. The
formula for calculating the enrichment (E) of >>>U in the UF6
1s then E=K*(R-B)/In [I-1,(t)], where K 1s a calibration con-
stant which takes into account different factors of detection
eificiency (such as the geometrical orientation of the system,
the detection abilities of the scintillator, the multichannel
analyzer) of both the transmitted X-rays and the U-235 radia-
tion.

It 1s noted that hard X-rays, which have an energy level of
between 12 keV and 120 keV, pose less of a risk of “pile-up”
at the 186 keV energy level than does higher energy electro-
magnetic radiation, or soit X-rays. It 1s preferable to use
X-ray energy values of less than about 50 keV to further
lessen the chances of 186 keV pile-up, unless there 1s some
compensation for such pileup. If there 1s some compensation
for this pile-up, the actual energy level of the X-ray beam 4
may be between 12 keV and 120 keV, so long as 1t remains
constant from the baseline measurements to the actual UF6
measurement. Altering the energy level of the X-ray beam 4
between baseline measurement and the UF6 measurements
will affect the accuracy of the Uranium content calculations.
Some deviation of the X-ray beam 4 energy level may be
acceptable when creating “Go/No-Go” systems when the
actual Uranium enrichment 1s unimportant beyond whether a
certain level has been reached.

FIG. 3 1llustrates a preferred embodiment of a system 30
for measuring the Uranium enrichment in UF6 gas. As above,
an artificial X-ray source 2 emits an X-ray beam 4B that 1s
directed at a first test zone 10 containing a sample of Uranium
Hexafluoride (UF6) 22 1n 1ts interior chamber 12. However,
the X-ray beam 4B 1s also directed at a second test zone 11
which holds a vacuum in 1ts interior chamber 13 for the
purposes of calculating the attenuation of the second test zone
11, which second test zone 11 1s provided adjacent the first
container test zone 10. These two test zones 10, 11 should be
oriented such that they experience similar heat temperature,
humidity, and other conditions, other than the presence of
UF6 1n one and not the other. The greater the difference
between their conditions, the greater the potential error cal-
culating the enrichment of the Uranium. The same is true of
their construction—substantially 1dentical container test
zones 10, 11 will result 1n more accurate data and more
accurate calibrations. Preferably, the container test zones 10,
11 are placed immediately adjacent to one another such that
their longitudinal axes are parallel substantially 1n the same
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direction, such that they are each impinged upon by a similar
amount of X-rays at preferably substantially the same angle,
and are substantially identical 1n construction.

The X-ray beam 4B 1s directed at the container test zones
10, 11 where a portion of the beam 4B passes through the first
test zone 10 and the UF6 22 contained therein, and another
portion of the beam 4B passes through the second test zone
11. As above, the second test zone 11 has only a vacuum,
which 1s preferably only a fraction of the working pressure of
the UF6 filled test zone 10 (and 1s more preferably less than
/10 the working pressure), 1n its interior chamber 12, and so
does not attenuate as many X-rays as does the first test zone 10
which contains UF6. A detector 16 measures the quantity of
X-rays which pass through the first test zone 10 and the UF6
22 1t contains, while a detector 17 measures the quantity of
X-rays which pass through the container test zone 11. These
detectors 16, 17 are preferably Thallium doped Sodium
Iodide scintillating detectors, and 1t 1s noted that that they may
operate simultaneously or sequentially, and that a single
detector may be capable of detecting the X-rays passing
through both test zones 10, 11.

The detectors 16, 17 are connected to a multi-channel
analyzer 32 which sorts the pulses which are generated by the
detectors 16, 17 when they detect X-rays. The multi-channel
analyzer 32, as above, then creates a histogram of the X-ray
pulse height distribution which was detected by the detectors
16, 17, and transmits this information to an output device 20
which 1s preferably a digital processor such as 1s found 1n a
personal computer. The digital processor may be integrated
into the multi-channel analyzer 32, or vice versa.

Thus, both the value of 1, as well as an up-to-date value of
I,(t) can be calculated any time a new Uranium enrichment
measurement 1s needed, as opposed to a single I,(t) value
which 1s typically used for months or years at a time 1n prior
art systems, as it 1s costly and time consuming to take the
system oitline to perform recalibrations.

The system 30 may also utilize an X-ray stabilization loop
(not shown), which would use the newly calculated 1,(t) and
a value for I,set as the inputs to an integrator, which would
control the output of the artificial X-ray source 2.

FIG. 4 illustrates a preferred embodiment of a system 40
for measuring the “°>U enrichment in UF6 gas. Unlike in the
system 30 shown 1n FIG. 3, the system 40 i FIG. 4 does not
use two test zones, and unlike the system 1 shown in FIGS. 1
and 2, does not use a baseline attenuation to be measured (or
requires only a single instance of such calibration) prior to
analyzing the Uranium content of UF6. An artificial X-ray
source 42, which can preferably generate X-rays from 12 keV
to 120 keV, includes an X-ray generation source 3 which
emits a beam of X-rays 4A, and a drive assembly 44 on which
a first filter 46 and a second filter 47 are mounted. The drive
assembly 44 moves the filters sequentially 1n the path of the
X-ray beam 4A by rotating the filters about an axis. Thus,
depending on which filter 46, 47 the rotation assembly 44 has
moved 1n the path of the X-ray beam 4A at that time, filtered
X-ray beam 4B may contain X-rays of either of a first energy
level or a second energy level. The angular velocity 1n revo-
lutions per minute of the drive assembly 44 corresponds to the
number of times the filtered X-ray beam would change from
one energy level to the other and back.

It 1s noted that the filters 46, 47 need not be included 1nside
the artificial X-ray source 42, but could 1nstead be a separate
component or separate components. It 1s further noted that an
X-ray generation source 3 capable of emitting X-rays of
substantially those energies desired, and capable of alternat-
ing between at least two desired energy levels could be used
instead of filters 46 and 48 and rotation assembly 44. Further,
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more than two filters could be used 1f desired. Two separate
X-ray sources could also be used. The X-ray beam 4 1s pret-
erably a “hard” X-ray beam with energy levels of between 12
keV and 120 keV, which have higher penetrating abilities than
lower energy “soft” X-rays. However, 1f lower penetrating
abilities are needed, “soft” X-rays could be used as above.
The first and second energy levels may be selected accord-
ing to several different schemes. In a first scheme, the firstand
second energy levels are selected with a difference sullicient
to produce distinct peaks, 1.e., peaks which do not overlap
when charted on a histogram. For example, a 22-keV line
(preferably an Ag filter) and a 39-keV (preferably a Sm filter)
provide the necessary sensitivity for measuring the attenua-
tion because the 22-keV peak 1s distinct from the 39-keV peak
when graphed, and therefore the ratio of the two peaks can be
used to measure the attenuation of the UF6. Thus, two data
sets can be separated from the output, where each data set

contains the detected X-ray data for a single energy level. The
density of the UF6 1s then defined by the equation:

| ffm EAg
Ag Sm 1 Ag &
(ks — HiTke) - durs f Sm

PUF6 = cexp|— (s —¢37) par- dai]

where U8, ., W™ e, WE ., and ™, are the mass attenu-
ation coefficients, I,”” and I,”# are the intensity (count rate/
unit of time) of the attenuated X-ray beam having passed
through the container 8 test zone 10 and UF6, €, , and €, are
the conversion efliciencies for Ag and Sm K-alpha lines, p ,,
1s the density of the container 8 test zone 10 wall, d ,; 1s the
thickness of this wall that the X-ray beam 4 preferably
encounters, and d, . 1s the thickness of the UF6. The sensi-
tivity of a dual line densitometer may be reduced by up to
approximately 25% compared to the sensitivity for the
22-keV line only, but allows for the compensation of instru-
ment instability errors of the source and spectrometer. The
spectral interferences are mitigated, allowing higher accuracy
to be achieved.

The detector 16 1s connected to a multi-channel analyzer
32 which sorts the pulses which are generated by the detector
16 when 1t detects the X-rays. The multi-channel analyzer 32
then creates a histogram of the X-rays energy levels which
were detected by the detector 16, and transmits this informa-
tion to an output device 20 which 1s preferably a digital
processor as 1s typically found 1n a personal computer. The
timing of the filter rotation 1s correlated to the output of the
detector, such that the energy level of the X-rays detected by
the detector 16 1s known with regard to the output. Thus,
measuring the attenuation of X-rays having two different
energy levels allows for the density of UF6 1n a sample to be
calculated.

It 1s noted that the intensity of the two X-ray beams 4B
having two differing energy levels may be substantially dii-
terent. For example, in the case of a 100-mm 1internal diam-
cter of the test zone 8 and an aluminum container 10 wall
thickness of 5-mm, the attenuation for the 22 keV Ag k-line 1s
approximately 250 times higher than for the 39 keV Sm
k-line. Therefore, 1 order to have roughly equal measured
rates, the Sm line mcident the pipe would preferably be
approximately 250 times lower than the Ag line.

In a second scheme, the energy levels are selected on the
Uranium L-edge such that the mass attenuation coetlicient
(U7 =¢) Tor Urantum at the first energy level 1s very different
from the mass attenuation coellicient for Uramum at the
second energy level, while the mass attenuation coetficient of
Aluminum (u ,,), which preferably defines the test chamber,
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with aluminum alloys being preferred, at the first energy level
1s very similar to the mass attenuation coefficient of the Alu-
minum at the second energy level. Essentially: (U, ), 18
much greater or less than (U, )., while (1 ,;), 1s approxi-
mately equal to (u,;),. Thus, Uranium’s mass attenuation
coellicient has a high sensitivity to the two energy levels
while Aluminum’s mass attenuation coelficient has a low
sensitivity to the two energy levels, when the energy levels are
chosen correctly. Preferably, the first filter 46 1s such that the
first energy output level 1s about 16.6-keV (preferably an Nb
filter), and the second filter 47 1s such that the second energy
output level 1s about 17.5-keV (preferably a Mo filter). As an
example, using these first and second energy levels at
approximately 0.2 Torr pressure 1n the container, |, .. at the
second energy level 1s approximately 63% higher than u, . at
the first energy level (approximately 75 cm?®/g versus
approximately 46 cm®/g), whereas 1, at the second energy
level 1s approximately only 16% higher than u ,,; at the first
energy level (6.1 cm?®/g versus 5.25 cm*/g)—the percent dif-
ference 1n U, - 1s approximately 4 times greater than that 1in
1L, at these two energy levels. Preferably, the ratio between
percent differences 1s at least 2/1, though higher ratios pro-
duce greater accuracy. Lower ratios are functional, though
they tend to provide less accuracy.

The Aluminum 1n the container test zone 10 preferably
attenuates the X-Rays of the first energy level similarly to the
second energy level, while the UF6 22 preferably attenuates
the X-Rays of the first energy level ditferently than the second
energy level. The detector 16 1s connected to a multi-channel
analyzer 32 which sorts the pulses which are generated by the
detector 16 when 1t detects the X-rays. The multi-channel
analyzer 32 then creates a histogram of the X-rays energy
levels which were detected by the detector 16, and transmuits
this information to an output device 20 which is preferably a
digital processor as 1s typically found 1n a personal computer.
The timing of the filter rotation 1s correlated to the output of
the detector, such that the energy level of the X-rays detected
by the detector 16 1s known with regard to the output. Thus,
measuring the attenuation of X-rays having two different
energy levels allows for the density of UF6 1n a sample to be
calculated.

Additionally, other energy levels could be used so long as
either Uranium or Aluminum has a high sensitivity to the two
energy levels, while the other of the two has a low sensitivity
to the two energy levels. For example, Uramium has a low
sensitivity to energy levels of 16.6 keV and 26.3 keV, while
Aluminum has a ligh sensitivity to the differences 1n the
energy levels. It 1s noted that a composite filter could be used,
though the energy levels are preferably selected such that the
lower energy level does not interfere with the escape peak of
the higher energy level—preferably, the lower energy level 1s
in the valley between the higher energy level peak and an
10dine escape peak, if one 1s present. Additionally, the larger
the difference between the energy levels, the higher the sen-
sitivity. It 1s also noted that when utilizing this second
scheme, 1t 1s preferred that a one-time 1nitial calibration of the
system be performed, 1n which a third energy level 1s used
which, when compared to either the first or second energy
levels, results 1n a high sensitivity to Aluminum and a low
sensitivity to Uranium. For example, when 16.6-keV 1s one of
the energy levels, a third energy level may be approximately
26.3-keV (preferably an Sb filter).

Whether using the first or second scheme, the X-ray beam
4B 1s directed at the test zone 10 such that the X-ray beam 4B
passes through the test zone 10 and the UF6 contained
therein. As the rotation assembly 44 rotates, the X-ray beam
4B 1s comprised of X-rays having either the first or second
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energy level. A detector 16 measures the quantity of X-rays
which pass through the test zone 10 and the UF6 it contains.
This detector 16 1s preferably a Thallium doped Sodium

Iodide scintillating detector, as above.

A third scheme, in which only a single X-ray energy level °
1s utilized, but which creates an effect similar to the use of a
second energy level may also be utilized. In this case, the
thickness of a filter, such as an Ag filter which produces an
approximately 22-keV energy level, 1s selected to transmit a
fraction of the Bremsstrahlung continuum. Because of the
attenuation in the Aluminum container 10, the low energy
portion of the continuum 1s suppressed, creating a
Bremsstrahlung peak distinct from the first energy level peak,
which Bremsstrahlung peak is preferably located at about
40-keV when the preferred Ag filter 1s utilized and properly
s1ized. The Ag filter acts as a notch filter, cutting off the low
energies ol the Bremsstrahlung continuum, thus forming the
higher energy Bremsstrahlung peak. There may be an 10dine
escape peak resulting from the scintillator crystals which »g
typically occurs approximately 28-keV below the photopeak.
Thus, 1t 1s preferable for the filter peak to fall between the
iodine escape peak and the higher energy Bremsstrahlung
peak. Thus, the filter peak and the Bremsstrahlung peak are
distinct and discernable from one another, and 1t 1s these two 25
peaks which are used to calculate the attenuation of the UF6.
It 1s noted that this system 1s less accurate because of inherent
spectral interference, but uses a simple configuration and a
lower power tube. Thus, it may be suitable for so called
“o0/no go” applications where accuracy 1s not critical. This 30
may be implemented when two lines are accumulated simul-
taneously by composite filter, and 1s not preferably imple-
mented when the rotating dual filter setup 1s utilized.

Additionally, as the UF6 attenuation 1s proportional to the
pressure and length over which the X-ray beam 4 passes 35
through the UF6, detection sensitivity can be increased by
increasing this length. The density of the UF6 1n the test zone
10 may be low, the intensity of the 186 keV radiation emitted
by **°U is typically low (1-2 counts per second). The back-
ground radiation due to Compton scattering of the surround- 40
ing Uranium material as well as the naturally accrued 1so-
topes of Thorium and “*“Potassium can overwhelm the
information **°U radiation. Two alternative embodiments of
a system 60 for determining the enrichment factor of **>U in
UF6 15 theretfore 1llustrated 1n FIGS. 5A and 5B. In FIG. SA, 45
X-ray generator source 3 includes the same components as
above, including filter 6.

The X-ray generator source 3 1s disposed along the length
of the container 8, and the beam 4B 1s directed through the test
zone 10 at an acute angle a to the longitudinal axis of the test 50
zone 10, which angle 1s preferably between about 10 degrees
and about 80 degrees, as shown 1n FIG. SA. The X-ray beam
4B emitted from the artificial X-ray source (not numbered) 1s
directed at a container test zone 10 at angle ¢, which container
8 preferably includes an Aluminum pipe. The attenuated 55
X-ray beam 4C 1s then detected by a detector 16 capable of
measuring the quantity of X-rays passing through the test
zone 10. The detector 16 1s preferably a Thallium doped
Sodium Iodide scintillating detector, and may be located
within the path of the beam at second zone 64, as shown in 60
FIG. SA. This allows the X-ray beam 4B to pass through more
UF6, thus heightening the detection capabilities of this geom-
etry. The effective transmission thickness of the container 8
wall 1s equal to the thickness of the container walls divided by
sin(a), while the effective transmission thickness of the UF6 65
1s equal to the internal diameter of the container 8 divided by
sin(a).
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Alternatively, as 1s shown 1n the system 66 of FIG. 5B and
FIG. 6, X-ray fluorescence may be used to calculate the **°U
to Uranium enrichment factor. By measuring the fluorescent
X-rays that are emitted by the UF6 (between approximately
94.7 keV and 98.4 keV) when an X-ray from X-ray beam 4
excites a UF6 molecule, the total amount of UF6 can be
calculated. In the embodiments shown 1n FIGS. 5B and 6,
filter 6 may be an absorber preferably made from a high *“z”
material (having a large number of protons) such as Rhenium,
Tantalum, or Tungsten. As shown 1n FIG. 6, artificial X-ray
source 2 outputs a spectrum of X-ray energy levels repre-
sented 1n FI1G. 6 by graph 72. Filter 6 hardens the initial X-ray
beam 4 A by attenuating the X-rays below the approximately
115 keV absorption edge (a sharp discontinuity in the absorp-
tion spectrum of X-rays by an element that occurs when the
energy ol the photon corresponds to the sum energy of all
shells of the atom) for Uranium, as shown by graph 74. The
thickness and material of the filter 6 are selected so that the
combined absorption with the container 8 wall provides
increased absorption at the region of Uranium K-alpha lines
(98.4 keV and 94.7 keV) and lessened suppression of the
Bremsstrahlung continuum above the approximately 115
keV absorption edge of Uranium. In FIG. SA, the X-ray
generation source 3 1s disposed along the length of the con-
tainer 8, and the beam 4B 1s directed through the test zone 10
at an acute angle «. to the longitudinal axis of the test zone 10,
which angle is preferably between about 10 degrees and about
80 degrees. As 1s better seen 1n FIG. 5B, X-ray beam 4B
intersects the test zone 10 at first wall zone 62, travels through
the test zone 10 and UF6, and exits the test zone at second wall
zone 64. Second wall zone 64 1s larger than first wall zone 62
because of the widening ol the beam 4B. As seen1n FIG. 6, the
artificial X-ray source 2 may be positioned at one end of the
container 8 such that the X-ray beam 4 passes roughly straight
through the test zone 10 and UF6.

The detector 16, which 1s preferably a phoswich scintilla-
tor, 1s preferably disposed along the test zone 10 outside
container 8. Where the configuration of FIG. 5B 1s utilized,
the phoswich scintillator 1s positioned between the first wall
zone 62 and second wall zone 64 out of the path of X-ray
beam 4, and preferably rotated about 90 degrees around the
test zone 10 from the first and second wall zones 62, 64. By
positioning the detector 16 out of the line of X-ray beam 4, the
added radiation caused by the Compton scattering and back-
scattering from X-ray beam 4 impinging the container 8 walls
can be largely avoided. As these fluorescent X-rays are of a
much lower intensity than the transmitted X-rays, avoiding
Compton scattering and backscattering 1s more important
with this technique than 1n previously discussed techniques.
Detector 16 may be oriented without rotating 1t about the test
zone 10 from the first and second wall zones 62, 64 where said
Compton scattering and backscattering are shielded. How-
ever, the configuration of FIG. 6 1s preferred, because it
avolds much of the scattering.

When a molecule of UF6 absorbs some of the energy from
an X-ray, an electron 1n the K shell of the Uranium atom of the
molecule of UF6 may be ¢jected from the atom. A higher
energy electron (from the L or M shells) then jumps down to
{111 the vacancy lett by the ejected electron, and emits a char-
acteristic X-ray (K line) 1n the process. This leaves a void 1n
the L or M shells, which would then, itself, be filled by a
higher energy electron, which would emit another character-
istic X-ray (L line) in the process. These characteristic X-rays
then exit the container 8 and have an exemplary spectrum
shown 1n histogram 76. They pass through another high-z
filter (preferably a Thalium absorber) 68 which has an absorp-
tion edge of 109-keV, which suppressed the continuum above
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the Uranium X-rays. The X-rays which may then be detected
by detector 16 have an exemplary spectrum shown 1n histo-
gram 78. Detector 16 1s also operable for counting the amount
of background 186 keV radiation, and may additionally

12

quantity of detected first energy X-rays transmitted
through the container and UF6 and the **°U radiation
count.

2. The method of claim 1 wherein said acute angle being,

include a Thalium absorber 68 with an absorption edge of 5 petween 10 degrees and 80 degrees.

about 109 keV to suppress the continuum above the Uranium
X-ray lines. Thus, the detector counts the 186 keV radiation
as well as the 94.7 keV to 98.4 keV fluorescent X-rays, which
allows for a determination of the enrichment of >°U in UF6.

It 1s noted that the X-ray Fluorescence system of FIGS. 5B
and 6 may be used to measure UF6 density through a con-
tainer 8 with an unknown thickness and wall material. Two
measurements are taken: a transmission measurement of the
attenuation through the test zone 10 and then through space
without test zone 10. This 1s similar to the above dual mea-
surements of the attenuation of the container 8 containing a
vacuum and then containing UF6. Artificial X-ray source 2
remains from the above described embodiments, while filter
6 1s preferably a Uranium filter such that approximately 94
and 98-keV X-rays are transmitted through test zone 10. A
high-z filter 68 then filters the transmitted X-rays before
detector 16 detects them. A similar procedure 1s executed 1n
which no container 8 1s present to attenuate the X-rays. From
these two detected spectra, the attenuation of the container 8
can be calculated, and this attenuation 1s then used to correct
for the attenuation of the exiting fluorescent X-rays when the
fluorescent system 1s utilized.

One or more embodiments of the present invention provide
for a system and method for calculating the **>Uranium con-
tent of Uranium Hexafluoride. An artificial X-ray generation
source 2, or an X-ray synthesizer machine, which preferably
utilizes an energetic electron process, 1s used to bombard a
test zone 10 containing UF6 with X-rays of a specific energy
level (or energy levels) to determine the enrichment of *>>U in
the test zone 10. An empty (vacuum) test zone 11 may be used
to calculate a baseline attenuation of the X-rays, or X-rays of
two different energy levels may be used to determine the
attenuation of the Uranium Hexatluoride (UF6) alone. The
quantity of **>Uranium can be calculated by measuring the
186 keV radiation which *°°U spontaneously emits. These
values allow for the calculation of the enrichment of **°U in
Uranium Hexafluoride gas.

While particular elements, embodiments, and applications
of the present invention have been shown and described, it 1s
understood that the mvention 1s not limited thereto because
modifications may be made by those skilled in the art, par-
ticularly 1n light of the foregoing teachings. It i1s therefore
contemplated by the appended claims to cover such modifi-
cations and incorporate those features which come within the
spirit and scope of the invention.

What 1s claimed 1s:
1. A method for determining the proportional *>>U content
of UF6, the method comprising:

providing UF6 1n a {irst container having a test zone;

measuring a quantity of radiation spontaneously emitted
by *>°U in said UF6;

generating X-rays of a first energy level 1n an X-Ray syn-
thesizer machine;

irradiating at least a portion of said first container and said
UF6 1n said first container with said first energy X-ray,
said first energy X-rays being directed at an acute angle
to the longitudinal axis of said test zone;

measuring a quantity of X-rays exiting the first container
and UF6; and

determining the fraction of **>U present in the UF6 relative
to the total Uranium content of said UF6 utilizing the
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3. The method of claim 2, further including:

positioning said detector along said first container test zone
between a first zone where said first energy X-rays enter
said test zone and a second zone where said first energy
X-rays exit said test zone and rotated around said test
zone by approximately 90 degrees from these zones.

4. The method of claim 2, further including:

hardening said first energy X-rays by positioning a {first
absorber being between said X-ray synthesizer machine

and said test zone to attenuate the X-rays below approxi-

mately 115 keV.

5. The method of claim 2, further including:

suppressing the fluorescent X-rays above approximately
109 keV by positioning a second absorber between said
detector and said test zone.

6. A system for determining the proportional *>>U content

of UF6, the system comprising:

a first 1onizing radiation pervious container with a first test
ZONe;

an X-Ray synthesizer machine disposed to direct a beam of
first X-Rays of a first energy level through said first
container test zone; and

a first detection device capable of measuring the quantity of
radiation spontaneously emitted by **°U in a UF6, and
capable of detecting a quantity of X-Rays exiting the
first container test zone and any UF6 contained in said
{irst container test zone.

7. The system of claim 6, further including:

a second 1on1zing radiation pervious container with a sec-
ond test zone generally similar in construction to the first
container test zone, where said second container test
zone being positioned relative to the first container test
zone such that the second container test zone experi-
ences generally similar environmental conditions as the
first container test zone apart from a lack of UF6 mixture
in the second container test zone; and

a second detection device positioned to measure a quantity
of first energy X-Rays being additionally transmitted
through said second container, said first energy X-Rays
being emitted by said X-Ray synthesizer machine,
where said first detection device measuring the quantity
of first energy X-rays being transmitted through said
first container test zone and any UF6 contained in said
first test zone.

8. The system of claim 7 wherein said X-Ray radiation
source being additionally disposed to direct a beam of second
X-Rays of a second energy level through said first container
test zone,

where said detection device being positioned to detect the
quantity of first and second X-Rays transmitted through
the first container and UF6, and

where said determining means additionally for determin-
ing the enrichment of “°>U in UF6 utilizing attenuation
resulting from UF6 1n the first container test zone apart
from the attenuation resulting from the first container
test zone.

9. The system of claim 8 wherein first container test zone
having a low sensitivity to the difference between the first and
second energy X-rays while UF6 having a high sensitivity to
the difference between the first and second energy X-rays.

10. The system of claim 7, further including:
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a first filter positioned between the X-ray synthesizer
machine and the test zone to filter X-Ray radiation such
that the first energy level being less than about 50 keV
when said first energy X-rays first impinging the first
container test zone; and

a second filter position between the X-ray synthesizer
machine and the test zone to filter X-Ray radiation such
that the second energy level being less than about 50keV
and 1s not equal to the first energy level when said second
energy X-rays first impinging the first container test
Zone.

11. The system of claim 10 wherein the first and second
filters being mounted on a rotation assembly operable to
sequentially move the first and second filters sequentially 1n

line with the X-ray beam causing the first container test zone
to be wrradiated with X-rays of energy levels alternating
between the first energy level and the second energy level.

12. The system of claim 10 wherein the first and second
filters being assembled 1n a composite filter assembly oper-
able to allow the first and second energy X-rays of the X-ray
beam to at least partially pass through.

13. The system of claim 10 wherein the first energy level
being about 16.6 keV and the second energy level being about
17.5 keV.

14. The system of claim 6, turther including;:

a first filter positioned between the emitted and the test
zone to filter X-ray radiation such that the first energy
level 1s less than about 50 keV when the X-ray radiation
first impinging the first container test zone.

15. The system of claim 14 wherein said the first energy
level being about 22 keV.
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16. The system of claim 6, further including:

at least one first filter positioned between the emitted and
the test zone to filter X-ray radiation such that the first
energy level 1s less than about 50 keV when said {first
energy X-rays first impinging the first and second con-
tainer test zones.

17. The system of claim 16 wherein the first energy level
being about 22 keV.

18. The system of claim 6 wherein the first container test
zone being elongate, and where said X-ray synthesizer
machine being disposed along the first container test zone
such that said X-ray beam being directed through said first
container test zone at an acute angle to the longitudinal axis of
said first container test zone.

19. The system of claim 18 wherein said acute angle being
between 10 degrees and 80 degrees.

20. A method for measuring the *>>U enrichment of UF®6,
the method comprising;:

providing UF6 1n a first container having an elongate test

ZONE;

measuring the quantity of radiation spontaneously emitted

by *°°U in said UF6;
irradiating at least a portion of said first container and said
UF6 1n said first container with first and second energy
X-rays;

measuring a quantity of first energy X-rays and a quantity
of second energy X-rays exiting the first container and
UF6; and

determining the fraction of *>>U present in the UF6 mix-
ture relative to the total Urantum content of said UF6
mixture utilizing the quantities of first and second
energy X-rays transmitted through the container and

UF6 mixture and the *>°U radiation count.

% o *H % x
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